The results of the long-term drainage capacity of four types of prefabricated vertical drains (PVDs) and three types of prefabricated horizontal drains (PHDs), and as well of the transmissivity of a dual function (reinforcement and drainage) geotextile (DFG) are presented. PVD, PHD and DFG are together called geosynthetics drains in this study. A method of calculating the hydraulic radius (R) (cross-sectional area divided by the perimeter of a drainage channel) of PVDs and PHDs by considering the deformation of the filter (under confinement) is proposed. Based on the limited test data, it is found that the rate of water flow per unit drainage area, q; increases with the hydraulic radius of the drainage channel, thereby q is approximately proportional to R 1:2 and R 1:7 for elapsed times of 1 and 3 months, respectively. Including the results of the DFG (R-value is close to zero), the drainage capacity ratio (r), defined as the value at time t divided by the corresponding initial value (t ¼ 0) increases almost linearly with the Rvalue. It is recommended to employ geosynthetics drains with a larger R-value, i.e. a stiff filter, a strong core, and large and square-shaped drainage channels. r
Introduction
Geosynthetics drains, such as prefabricated vertical drains (PVDs), prefabricated horizontal drains (PHDs) and dual function (reinforcement and drainage) geotextiles (DFGs), are widely used in soft subsoil improvement, landfill and reinforced earth construction. The long-term drainage capacity of geosynthetics drains is one of the important design parameters. A large number of laboratory tests have been conducted to investigate the drainage capacity of geosynthetics drains (e.g. Bergado et al., 1996; Miura and Chai, 2000) . It is generally agreed that the drainage capacity reduces with the increase in confining pressure (e.g. Rixner et al., 1986; Choa and Bo, 2000) . The stiffer the filter and the stronger the core of a drain, the less the effect of the confining pressure. Also, it has been reported that the drainage capacity reduces with elapsed time due to the clogging of drainage channels (Broms et al., 1994; Chai and Miura, 1999) . Interestingly, for some drains, the drainage capacity reduced very fast with elapsed time, while for some others it did not. Based on the test data, it has been qualitatively concluded that the value of hydraulic radius, R; of a drainage channel is one of the factors influencing the reduction rate of the drainage capacity (Miura and Chai, 2000) .
There are a large number of geosynthetics drains with different structure and different drainage capacity characteristics. In this paper, the results of long-term (maximum 6 months) drainage capacity tests of PVDs, PHDs and of transmissivity tests of a DFG are presented first. Then the relationship between the R-value of a drainage channel and the rate of water flow per unit drainage area (q) is investigated quantitatively. For PVDs and PHDs, the drainage channel will change the shape due to the deformation of the filter (under confinement). A method for evaluating the R-value of PVDs and PHDs by considering the effect of filter deformation is also described.
Laboratory drainage capacity tests

Structure of the geosynthetics drains tested
Four types of PVDs, three types of PHDs and one DFG were tested. The structures of PVDs and PHDs are illustrated in Figs. 1 and 2 Miura and Chai, 2000) . Tables 1 and 2 , respectively. The apparent opening size (O 95 ) of the filters was measured by the glass beads method according to ASTM 4751. The DFG tested consisted of two layers of non-woven geotextile sandwiching a layer of woven geotextile. The material of the geotextiles was polypropylene. The unit weight was 510 g/m 2 and the thickness was 2.1 mm under 50 kPa confinement. The wide strip tensile strength was 40 kN/m under a strain rate of 1%/min (Public Works Research Institute, Japan, 2000) .
PVD(C)
Test equipment and test conditions
Two types of equipment setups were used for testing the drainage capacity of the PVDs and PHDs as well as the transmissivity of the DFG. This is illustrated in Figs. 3(a) and (b) . The large-scale device ( Fig. 3(a) ) can test a drain sample of 200 mm in width and 1000 mm in length with a confining pressure of up to 50 kPa. The small-scale device (Fig. 3(b) ) can test a drain sample of 100 mm (for DFG of 88 mm) in width and about 300 mm in length with a confining pressure of up to 500 kPa. For the PVDs and DFG, the small-scale device was used, while for PHDs, both the small-scale and the large-scale devices were employed. For all tests, tap water was used and re-circulated by a micro-pump. The tests were conducted in an air-conditioned room and the temperature was normally within the range of 18-26 C. The motor of the pump was set outside the water, so it had no effect on the temperature of the water. Test procedures were reported by Miura and Chai (2000) for the small-scale device and by Chai and Miura (2002) for the large-scale device. Considering field conditions, the long-term tests were conducted under clay confinement. Ariake clays with clay contents (o5 mm) of 57-69.1%, plastic limits of 33.1-42.8%, and liquid limits of 65.5-105.0% were used. The adopted confining pressure varied from 10 to 49 kPa with a hydraulic gradient (i) of about 0.1 for most of the tests. A confining pressure of 49 kPa is equivalent to a horizontal earth pressure at rest (assume K 0 ¼ 0:5) at about 15 m depth in the saturated ground or under a 5 m high embankment. Chai et al. (1998) back-calculated the i-value from a test embankment on a PVD improved Ariake clay deposit. A maximum value of i ¼ 0:3 was obtained corresponding to the end of construction condition at close to the drainage boundary. For most of the other locations and during most of the time of consolidation, the i-value was less than 0.1. A value of i ¼ 0:1 is also recommended by Working Group 11 (Vertical Drain), CEN/TC288, European Union, for testing the discharge capacity of vertical drains (draft only, not yet published).
ARTICLE IN PRESS
For testing the DFG, to provide a plane strain condition, two plates were fixed to the pedestals to cut off pressure in the direction parallel to the geotextile surface, as shown in Fig. 3(b) . Due to this modification, the sample width was reduced from the original 100 to 88 mm.
Test results
Hydraulic radius (R) of PVDs and PHDs
The hydraulic radius (R) of a drainage channel is defined as
where A is the cross-sectional area of a drainage channel and L is the perimeter of the channel. R has a unit of length. For PVDs and PHDs tested, the R-values are listed in Table 3 . The method of calculating the initial R-value is straightforward. For calculating the R-value after filter deformation, the following assumptions were used:
(1) As illustrated in Fig. 4 (modified from Miura and Chai, 2000) , the deformed shape of a filter is assumed to be a circular arc. (2) The radius of the arc is calculated under the condition that the confining pressure is balanced by the component of the tension force (T) on the filter in y-direction (Fig. 4) . The long-term tensile strain/tensile force relationship of the filter was obtained by creep tests. The test procedure and the results were reported by Miura and Chai (2000) .
After getting the radius of the arc, the deformed cross-sectional area and the perimeter of a channel can easily be obtained. The initial and deformed (a confining pressure of 49 kPa at an elapsed time of 1 month) cross-sectional areas of the drainage channels of the PVDs and PHDs are listed in Table 4 . PVD-C and PHD-B have two types of drainage channels. For easy analysis, a representative drainage channel needs to be defined based on equivalent drainage capacity. The crosssectional area can be defined as the average value of the two channels:
where A 1 and A 2 are the cross-sectional areas of drainage channel type 1 and type 2, respectively. Hagen-Poiseuille proposed that the drainage capacity per unit drainage area is proportional to R 2 : Using Hagen-Poiseuille's proposal, the R-value of the a The number outside the parentheses is the average value and the numbers inside the parentheses are for two types of channels of the same drain, respectively (see Figs. 1 and 2 ).
representative drainage channel is defined as follows:
where R 1 and R 2 are the corresponding R-value of type 1 and type 2 channels, respectively.
Long-term confined in-clay test results of PVDs
Figs. 5(a)-(d) present the variation of the rate of water flow per unit drainage area with elapsed time for four types of the PVDs. The results were modified from Miura and Chai (2000) . The main modifications were converting the results to a hydraulic gradient of 0.1 and presenting the rate of water flow for a unit drainage area. The drainage areas considered were the values after the filter had deformed (Table 4) clogging of the drainage channels. As reported by Miura and Chai (2000) , the recovery of the drainage capacity of PVD-A and PVD-C (Figs. 5(a) and (c)) was due partially to unclogging achieved by applying hydraulic shocks.
Test results of PHDs
The confined in-clay tests were conducted using the large-scale device. Test results obtained under a hydraulic gradient of i ¼ 0:1 and a confining pressure of 10 kPa are shown in Figs. 6(a) and (b) for PHD-A and PHD-B, respectively. Comparing with the results of the PVDs, the rate of water flow of the PHDs reduces less with elapsed time. The reason may be that the PHDs have larger R-values than that of the PVDs (Table 3 ). The effect of confining pressure on the water flow rate of PHD-A and PHD-B was investigated by the confined in-rubber membrane tests (by the smallscale device) and the results are given in Figs. 7(a) and (b), respectively. In the later analysis, Figs. 6 and 7 will be combined to estimate the long-term drainage capacity of PHD-A and PHD-B under 49 kPa confinement. For PHD-C, the test was conducted using the small-scale device under a confinement of 49 kPa and a hydraulic gradient of 0.1. The results are shown in Fig. 8 and they indicate that the rate of water flow reduced with elapsed time for about the first 2 months followed by a slight recovery of the rate of water flow. The reason for this behavior is not clear yet. It could be some kind of disturbance or variation of temperature in the laboratory. Fig. 9 shows the effect of confining pressure on the transmissivity of the DFG obtained with short-term tests. The ''short-term'' here means that after the confining pressure was changed, the waiting time was only 10 min. For confining pressures less than about 49 kPa, the transmissivity reduced sharply with increasing confining pressure. When the confining pressure was larger than 49 kPa, its effect on transmissivity became less significant. Fig. 9 also shows that for short-term values, the confining condition (whether by rubber membrane or by clay) is not important.
Test results of dual function geotextile
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Two long-term tests were conducted using the small-scale device with a confining pressure of 49 kPa. The results are shown in Fig. 10 (after Chai and Miura, 2002) . Comparing with the results of the PVDs and PHDs (Figs. 5, 6 and 8) , the R-value of the DFG is on the order of a few or some tens of micrometers (cannot be evaluated exactly) and its drainage capacity (transmissivity) reduced much faster than that of the PVDs and PHDs. It is considered that one of the reasons for the transmissivity reduction is clogging. When the sample was clogged under i ¼ 0:1; the i-value was increased to 0.4 and the transmissivity was partially recovered (Fig. 10, full circles) . This is an indirect indication of clogging. drainage capacity is more serious for the lower hydraulic gradient, the same tendency as reported by Miura and Chai (2000) for PVDs.
Relationship between drainage capacity and R-value
Rate of water flow versus R
Since the R-values of the PVDs and PHDs tested vary in a range of 0.33-1.24 mm, the test data provide a base for investigating the effect of R on the drainage capacity of geosynthetics drains. For PHD-A and PHD-B, the rate of water flow under a confining pressure of 49 kPa was evaluated using Figs. 6 and 7, i.e. obtaining the ratio between the rates of water flow under 10 and 49 kPa confinement from Fig. 7 , and then converting the value in (q) and R-value. Although the data are scattered, the general tendency is clearly demonstrated. For the initial q-value, the effect of R-value is not clear ( Fig. 11(a) ). Except for one drain (PVD-A), all drains have an initial rate of water flow between about 2.0 and 2.7 m 3 /yr/mm 2 . However, at the elapsed times of 1 and 3 months, the effect of the R-value on the q-value can be clearly observed. The longer the elapsed time, the more the effect will be. Since the data are limited and the R-values are concentrated at around 0.4 and 1.0 mm, a reliable regression equation cannot be derived. Assuming that the drainage capacity will approach zero when the R-value is approaching zero, a quantitative expression between q and R was derived which is ARTICLE IN PRESS also indicated in Figs. 11(b) and (c). It states that q increases with R 1:2 to R 1:7 for 1-3 months elapsed time.
Ratio of drainage capacity versus R
For DFG, the rate of water flow per unit drainage area cannot be evaluated. However, if using the drainage capacity ratio r (¼ q t =q 0 ; where q 0 is the initial rate of water flow and q t is the value at time t), the test results for DFG can be included into the investigation on the effect of the R-value. Also, r gives a clear image of the drainage capacity variation with elapsed time. The results are depicted in Figs. 12(a) and (b) for elapsed times of 1 and 3 months, respectively. Generally, the r-value increases almost linearly with increasing R-value.
The long-term drainage capacity of geosynthetics drains is strongly influenced by the R-value of their drainage channel (Figs. 11 and 12 ). To maintain a higher longterm drainage capacity, a drain with a larger R-value is desirable. A drain with a larger R-value should satisfy the following conditions:
(1) A stiff filter, like the filter of PVD-A and PVD-C (see Miura and Chai, 2000 for creep test results). The deformation of the filter not only reduces the crosssectional area of a drainage channel, but also its R-value. (2) A strong core. For the PVDs and PHDs tested, PVD-D and PHD-C have a relatively weaker core. (3) A large and square-shaped drainage channel. Suppose there are two cases, case-1 has one drainage channel with a cross-sectional area of 1 unit and case-2 has two drainage channels with a cross-sectional area of 0.5 units each (totally 1 unit). Case-1 has a larger R-value and will have a higher drainage capacity than case-2. Under the condition of the same area, a square shape has a larger R-value than a rectangular shape. 
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Conclusion
The long-term drainage capacity test results of four types of prefabricated vertical drains (PVDs) and three types of prefabricated horizontal drains (PHDs), and the transmissivity test results of a dual function geotextile (DFG) are presented. PVD, PHD and DFG are together called geosynthetics drains in this study. The test results indicate that the drainage capacity of geosynthetics drains reduces significantly with elapsed time and the hydraulic radius (R) of a drainage channel (cross-sectional area divided by its perimeter) is one of the important influencing factors. A method of calculating the R-value of PVD and PHD by considering the deformation of the filter under confinement is proposed and applied in this study.
Based on the limited test data, it is found that the rate of water flow per unit drainage area (q) increases approximately with R 1:2 and R 1:7 for elapsed times of 1 and 3 months, respectively. For all geosynthetics drains (including the results of the DFG with an R-value close to zero), the drainage capacity ratio (r) (flow rate at time t divided by the corresponding initial value) almost linearly increases with the R-value.
To increase the R-value, a geosynthetics drain should have a stiff filter, a strong core, and large and square-shaped drainage channels.
